Abstract: Zircon xenocrysts from alkali basalts in Ratanakiri Province, Cambodia represent a unique low-Hf zircon within a 12,000 km long Indo-Pacific megacryst zone. Colorless, yellow, brown, and red crystals ({100}, {101}, subordinate {211}, {1103}), with hopper growth and corrosion features range up to 20 cm in size. Zircon chemistry indicates juvenile, Zr-saturated, mantle-derived alkaline melt (Hf 0.6-0.7 wt %, Y <0.2 wt %, U + Th + REE (Rare-Earth Elements) < 600 ppm, Zr/Hf 66-92, Eu/Eu* N~1 , positive Ce/Ce* N , HREE (Heavy REE) enrichment). Incompatible element depletion with increasing Yb/Sm N from core to rim at~constant Hf suggests single stage growth. Ti-in-zircon temperatures (~570-740 • C) are lower than predicted by crystal morphology (800-900 • C) and decrease from core to rim (∆T = 10-50 • C). .86-1.02 Ma) ages are older than host basalt ages (~0.7 Ma), which suggests limited residence before transport. Zircon genesis suggests Zr-saturated, Al-undersaturated, carbonatitic-influenced, low-degree partial melting (<1%) of peridotitic mantle at ~60 km beneath the Indochina terrane.
Introduction
Southeast (SE) Asia is an important source of gem corundum and zircon [1] [2] [3] . Recent and paleo-alluvial gem deposits occur in Thailand, Cambodia, Vietnam, and Laos, as deposits in a belt that extends >12,000 km along the west Pacific continental margins south to Australia and north to eastern China and Russia. This belt is known as the zircon megacryst (xenocryst) Indo-Pacific zone (ZIP, Figure 1 ) [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . The western Pacific margin is marked by dynamic tectonic settings in which plate motions carry both continental and former sea-floor lithosphere over zones of hot upwelling asthenosphere. All SE Asian deposits are associated with late Cenozoic (<30 Ma) intraplate alkaline basaltic volcanism, which is the result of onset of decompression melting and an extensional tectonic regime in SE Asia following the Himalayan orogeny [15, 16] . In SE Asia, intraplate alkali basalt magmas erupted through the late Precambrian to early Cenozoic along roughly northward-trending rifted blocks and fold belt terranes flanking the Indochina cratonic block.
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Figure 1.
Map showing the 12,000 km long zircon megacryst Indo-Pacific zone (ZIP) along the western Pacific continental margins in Eastern Australasia, Asia, and Russia. The intraplate basalts hosting the megacryst suites are dominantly alkaline in composition and involve deeper mantle generation of magmas that may intersect pre-existing gem-bearing felsic or metamorphic bodies [11] . Consult this reference for zircon locality details.
Gem zircon and corundum xenocrysts, which have been eroded out of the host alkali basalts during the production of lateritic soils are concentrated into economic-grade deposits by secondary processes [17] . Mining for xenocrystic gems has taken place since the early 1400s in Thailand (Chanthaburi-Trat) and the late 1880s in Cambodia (Pailin and Ratanakiri provinces). In some deposits, zircon dominates over corundum, as is the case within the Ratanakiri Volcanic Province (RVP). Mechanized mining continues today in parts of Thailand but in Cambodia, small-scale artisanal mining by Vietnamese, Burmese and local indigenous peoples is common, often utilizing the same primitive techniques used hundreds of years ago.
Zircon is a ubiquitous accessory mineral in a wide range of rock types including mafic and felsic rocks derived from both crustal and mantle sources, lunar rocks, tektites, and metamorphic rocks [18] . It is chemically resistant and can survive weathering and transport processes, which allow it to be concentrated in secondary placer heavy mineral deposits. Zircon is highly refractory and has a low solubility in most melt and fluid compositions, which allows it to survive almost any Map showing the 12,000 km long zircon megacryst Indo-Pacific zone (ZIP) along the western Pacific continental margins in Eastern Australasia, Asia, and Russia. The intraplate basalts hosting the megacryst suites are dominantly alkaline in composition and involve deeper mantle generation of magmas that may intersect pre-existing gem-bearing felsic or metamorphic bodies [11] . Consult this reference for zircon locality details.
Figure 2.
Tectonic map of SE Asia [25] . Cambodia is entirely contained within the Indochina terrain bounded on the northeast by the Song Ma Suture (SMS).
Collision and convergence of the Indochina block with the Asian continent (Shan-Thai terrane in Thailand) started at ~250 Ma and culminated around the Triassic-Jurassic boundary (~210-200 Ma) with the closure of Paleotethys and the end of the Indosinian orogeny [25, 26] . The Indochina terrain is composed of continental crust, which has remained intact and stable since the end of the Indosinian orogeny, and is surrounded by younger, post-Jurassic fold belts. Cambodia lies entirely in the Indochina terrain between the Truongson fold belt to the north and the Loei fold belt to the west. Both of these regions contain Carboniferous to Triassic collisional arc-type volcanosedimentary sequences.
The Cenozoic tectonic evolution of Cambodia and Thailand is related to the collision between the Indian and Eurasian plates during the Himalayan Orogeny (55-45 Ma, [28] ). Compressional stresses dominating in the northern part of the collisional zone resulted in the Southeast China block and adjacent parts of Southeast Asia (Indosinia) to be rotated and forced to the southeast [29] , which results in uplift and transtension and graben structures with predominantly a NW-SE strike along with the opening of the Gulf of Thailand, the South China Sea, and the Andaman Sea [30] . Uplift, extensional tectonics and rifting throughout SE Asia resulted in lithospheric thinning, which triggered decompressional melting and upwelling of the underlying asthenosphere along deepseated faults to form late Cenozoic flood basalts [16, 29] . ZIP fields across SE Asia are flanked to the east by extinct marginal spreading basins and offset rifts that formed behind the Pacific island arcsubduction system [31] . These basins involved thermal rifting and could provide a continuous source of sub-lithospheric melting to promote zircon (and corundum) crystallization during prolonged basaltic events [11, 32, 33] .
Cenozoic basalts occur throughout SE Asia (red regions, Figure 3 ) ranging in age from 24 Ma to as recently as a 1923 eruption off the Vietnamese coast near the island of Poulo Cécir [34, 35] . Known collectively as the SE Asian Volcanic Province [36] [37] [38] or the Central-East Asian basaltic province [8] , the basalts ascended along rift structures bounded by strike-slip faults within Archean to Paleozoic terrains and were more extensive in Vietnam, Eastern Cambodia, and Southern Laos than elsewhere in the region even though no temporal and spatial correlation has been established [39] . In most areas, two separate periods of volcanism are noted: (1) an early phase consisting of [25] . Cambodia is entirely contained within the Indochina terrain bounded on the northeast by the Song Ma Suture (SMS).
The Cenozoic tectonic evolution of Cambodia and Thailand is related to the collision between the Indian and Eurasian plates during the Himalayan Orogeny (55-45 Ma, [28] ). Compressional stresses dominating in the northern part of the collisional zone resulted in the Southeast China block and adjacent parts of Southeast Asia (Indosinia) to be rotated and forced to the southeast [29] , which results in uplift and transtension and graben structures with predominantly a NW-SE strike along with the opening of the Gulf of Thailand, the South China Sea, and the Andaman Sea [30] . Uplift, extensional tectonics and rifting throughout SE Asia resulted in lithospheric thinning, which triggered decompressional melting and upwelling of the underlying asthenosphere along deep-seated faults to form late Cenozoic flood basalts [16, 29] . ZIP fields across SE Asia are flanked to the east by extinct marginal spreading basins and offset rifts that formed behind the Pacific island arc-subduction system [31] . These basins involved thermal rifting and could provide a continuous source of sub-lithospheric melting to promote zircon (and corundum) crystallization during prolonged basaltic events [11, 32, 33] .
Cenozoic basalts occur throughout SE Asia (red regions, Figure 3 ) ranging in age from 24 Ma to as recently as a 1923 eruption off the Vietnamese coast near the island of Poulo Cécir [34, 35] . Known collectively as the SE Asian Volcanic Province [36] [37] [38] or the Central-East Asian basaltic province [8], the basalts ascended along rift structures bounded by strike-slip faults within Archean to Paleozoic terrains and were more extensive in Vietnam, Eastern Cambodia, and Southern Laos than elsewhere in the region even though no temporal and spatial correlation has been established [39] . In most areas, two separate periods of volcanism are noted: (1) an early phase consisting of SiO 2 -rich, Fe-depleted, and Ti-depleted quartz and olivine tholeiites and rare trachyandesites, representative of lithospheric sources, and (2) a later, highly alkaline phase consisting of lower SiO 2 , high Fe, and Ti olivine tholeiites, alkali basalts, basanites, and rare trachybasalts and trachytes, representative of asthenospheric mantle sources [16, 40] . Zircon and corundum xenocrysts are associated with late-stage, alkaline phases of volcanism [16, 29, 41] .
SiO2-rich, Fe-depleted, and Ti-depleted quartz and olivine tholeiites and rare trachyandesites, representative of lithospheric sources, and (2) a later, highly alkaline phase consisting of lower SiO2, high Fe, and Ti olivine tholeiites, alkali basalts, basanites, and rare trachybasalts and trachytes, representative of asthenospheric mantle sources [16, 40] . Zircon and corundum xenocrysts are associated with late-stage, alkaline phases of volcanism [16, 29, 41] . [16] ). The location of the Ratanakiri Volcanic Province (RVP) is shown as a red circle.
Ratanakiri Volcanic Province (RVP)
Detailed geological information about Cambodia is difficult to obtain as a result of the destruction of all academic material by the Khmer Rouge. Early work by Lacombe [42, 43] concerning the geology, geochemistry, and mineralogy of the RVP basalts is still the most definitive work in existence. Previous 1:500,000 maps by both France (1970s) and Russia (1990) are out of date. Little work has been completed in the country since that time. Detailed mapping, age dating, and geochemical analyses of the rocks in the RVP is currently underway by the lead author.
Quaternary basaltic rocks cover approximately 10,000 km 2 of the country and overlie Quaternary alluvium and Mesozoic sediments. Small flows and vents occur in the west near Pailin and Poipet and in the central northern province of Preah Vihear. Two distinctly larger basaltic areas are found in Ratanakiri province ( Figure 4 ) and comprise the fifth largest basaltic plateau in Indochina: (1) the Bokeo plateau is located between the Sre Pok and the Sesan rivers, herein referred to as the Ratanakiri Volcanic Province (RVP), and it is host to xenocrystic gem zircon deposits and (2) the smaller, zircon-free Ban Chay plateau, northeast of Bokeo and north of the Sesan river near the Vietnamese border [42] . Lacombe [42] estimated the thickness of the basalt plateaus to 80 m near the center and 40 m closer to the extremities. Initially the flows would have covered an area of around 3200 km 2 , but now weathered down to under 2000 km 2 (RVP: 1500 km 2 , Ban Chay Plateau: 200 km 2 ). The initial topographic relief was quickly filled by the early flows, which allows later flows to spread in all directions and cover a wide area with thin, individual flows (often <2 m Figure 3 . Distribution of Cenozoic alkali basalt provinces (red) in SE Asia (modified after [16] ). The location of the Ratanakiri Volcanic Province (RVP) is shown as a red circle.
Quaternary basaltic rocks cover approximately 10,000 km 2 of the country and overlie Quaternary alluvium and Mesozoic sediments. Small flows and vents occur in the west near Pailin and Poipet and in the central northern province of Preah Vihear. Two distinctly larger basaltic areas are found in Ratanakiri province ( Figure 4 ) and comprise the fifth largest basaltic plateau in Indochina: (1) the Bokeo plateau is located between the Sre Pok and the Sesan rivers, herein referred to as the Ratanakiri Volcanic Province (RVP), and it is host to xenocrystic gem zircon deposits and (2) the smaller, zircon-free Ban Chay plateau, northeast of Bokeo and north of the Sesan river near the Vietnamese border [42] . Lacombe [42] estimated the thickness of the basalt plateaus to 80 m near the center and 40 m closer to the extremities. Initially the flows would have covered an area of around 3200 km 2 , but now weathered down to under 2000 km 2 (RVP: 1500 km 2 , Ban Chay Plateau: 200 km 2 ). The initial topographic relief was quickly filled by the early flows, which allows later flows to spread in all directions and cover a wide area with thin, individual flows (often <2 m thick). Lacombe [42] observed only alkaline basalts in the Ban Lung area (olivine basalts, alkali basalts, basanites, nephelinites, and trachyandesites). He also noted that early flows preceded the last paleomagnetic inversion (0.7 Ma) and the later, more explosive basaltic volcanism occurred during and after the geomagnetic reversal. This falls within the range (17.6-0 Ma) established by Hoang & Flower [40] for related basaltic volcanism in Vietnam and other Cenozoic volcanism throughout the Northwestern Pacific continental margin. Basaltic volcanism began with fissure flows. A brief, erosional hiatus was followed by increasingly more explosive volcanism from both old and new fissures [42] . The final stage was even more explosive and resulted in craters and deposits of mafic scoria, ignimbrite, welded tuff, tuff, ash flows, and pumice. Volcanic features include: (1) scoria cones (1-3 km wide × 150 m tall), (2) horseshoe craters, which have been opened as a result of extensive erosion, (3) crater cones, (4) explosive craters, and (5) rift valleys and volcanotectonic depressions [42, 44] . Many of these structures are only recognizable from air photos and satellite imagery since complete volcanic profiles in the RVP have extensive lateritization and vegetative cover.
Zircon Deposits
In situ zircon is extremely rare and has only been collected by the senior author in alkali basalt at Phnom Dang, Bokeo ( Figure 5 ), which is an alkali basalt scoria outcrop on the flank of the Phnom Dang scoria cone, and from a tephriphonolite flow 3 km SE of Phnom Dang, Bokeo. Lacombe [43] also noted the presence of xenocrysts in trachybasalt/alkali basalts and associated pyroclastics at Phnom Dang, Bo Tum and Bo Loei. At all localities, zircon occurs as single crystals in the alkali basalt without other xenocrystic minerals. Gem zircon, which is derived from the alkali basalts, is mined from secondary deposits within a roughly NE-SW trending region~30 km in strike, 10 km wide, east of the provincial capital of Ban Lung (Figure 4 ). Unlike deposits in other west Pacific continental margin regions including Western Cambodia and Southeastern Thailand and gem deposits in the RVP contain dominantly zircon with only trace corundum. Zircon mines in Ratanakiri are small-scale affairs-gem-quality stones are found in the residual soils and gravels derived from weathered basalts. The gemstones are mined by digging vertical pits (10 m deep, 1 m wide) to bedrock and hauling to surface the lateritic soils and basalt gravels in which loose xenocrysts are concentrated. On the surface, other miners sift through the soil with their hands to extract the zircons. In rare cases, during the wet season, pressured water is used to loosen the lateritic soil and wash out the zircons. Only 20% of zircon are actually valuable as gem stones. Many of the stones are fractured, contain inclusions, or are an unsuitable color. Zircon from Bei Srok (BS) has historically been the most sought after by the gem industry due to its dark red color, which, when heat-treated in a reduced environment, changes to a dark, more brilliant blue color ( Figure 5 ). An electron-related or hole-related color center is thought to be the cause of dark red-brown color in the RVP zircon while authors have not yet been able to unequivocally determine the mechanism for the blue coloration upon heat-treating [45] . The highest quality gem zircon is found at the Bei Srok deposit, which is 16 km south of the provincial capital of Ban Lung at the southern end of the gem-bearing region. The Bokeo Clas (BC) and Phum Throm (PT) deposits are located 23 km east of Ban Lung near the village of Bokeo and represent the most prolific mining areas. Other less significant occurrences are known throughout the Bokeo plateau where locals pan for zircon in the creeks and riverbeds. Rare blue-green corundum has been found in zircon concentrates from Bei Srok.
The Bo Loei (BL) deposit is located 24 km ENE of Ban Lung, 28 km W from the Vietnamese border, and 28 km NNE of Bei Srok. BoLoei marks the northern-most gem occurrence and comprises an alluvial wash containing xenocrysts of zircon, corundum (blue, blue-green, and yellow-orange), and spinel as well as fragments of alkali basalt, felsic volcanics (rhyolite), and other country rock. Bo Loei is principally a gem zircon deposit with corundum as a by-product (<3% of the total yield, [12] ). The water table at Bo Loei is higher than that at other Ratanakiri zircon deposits, which allows for panning and concentration of the zircon ore in nearby streams.
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Materials and Methods

Sample Descriptions
Zircon crystals from the RVP range in size from 2 × 2 × 4 mm to 15 × 20 × 20 cm long (average: 7 × 8 × 8 mm). Crystals are subhedral to euhedral, dominantly vitreous to adamantine, transparent grey-yellow, honey yellow, pinkish-orange, light orange-brown, and dark red with minor translucent to opaque milky-grey and yellow crystals. Squat prismatic crystals dominated by {100} and {101} are most typically euhedral. Less common crystal forms include the {211} bipyramid and {110} prism and more often occur in subhedral grains. Prismatic zircon ranges in color from transparent light yellow to dark red to highly-included, translucent milky-yellow and red-brown. Subhedral to anhedral multiform zircon are most often transparent and range in color from light orange-yellow to orange-red to dark red. Sharp, concentric color zoning is evident optically in many crystals, which corresponds to zoning observed in back-scattered electron (BSE) and cathodoluminescence (CL) images. In situ zircon occurs solely as isolated grains within the alkali basalt (Figure 6a,b) . The interface between the zircon and the host alkali basalt is characterized by a very thin (1-2 µm) glassy reaction rim with numerous fine fractures, which is indicative of contraction of the glass upon cooling. The presence of such a discrete, quenched glassy interface without evidence for chemical interaction suggests a wide temperature difference between the entrained zircon and the host basaltic magma.
The majority of Ratanakiri zircon display striking resorption and corrosion features along with hopper-type growth patterns (Figure 6c ) indicative of disequilibrium with their host magmas. Subhedral to euhedral zircon are often dominated by a short prism capped by a bipyramid on one termination and a hopper-type growth feature on the bottom termination. This hopper-type or corroded habit appears to represent an attachment point with an associated xenocrystic phase on the growth medium. However, multimineralic xenoliths containing zircon have not been found to confirm these possible intergrowths. Late-stage dendritic etching in-filled by baddeleyite is also present on many crystals (Figure 6d ), which indicates late-stage interaction with a highly-alkaline corrosive melt or fluid, and remobilization of Zr. Fluid inclusions dominated by H 2 O with rare CO 2 bubbles were found by Zeug et al. [45] in a number of RVP zircon xenocrysts. Partially healed fissures surrounded many of the fluid inclusions.
Zircon from Bo Loei is commonly subhedral to anhedral and does not display the etching, dissolution, and corrosion features that are common to other Ratanakiri zircon, which is possibly a result of increased transport in alluvial or fluvial systems.
cathodoluminescence (CL) images. In situ zircon occurs solely as isolated grains within the alkali basalt (Figure 6a and Figure 6b) . The interface between the zircon and the host alkali basalt is characterized by a very thin (1-2 µm) glassy reaction rim with numerous fine fractures, which is indicative of contraction of the glass upon cooling. The presence of such a discrete, quenched glassy interface without evidence for chemical interaction suggests a wide temperature difference between the entrained zircon and the host basaltic magma. The majority of Ratanakiri zircon display striking resorption and corrosion features along with hopper-type growth patterns (Figure 6c ) indicative of disequilibrium with their host magmas. Subhedral to euhedral zircon are often dominated by a short prism capped by a bipyramid on one termination and a hopper-type growth feature on the bottom termination. This hopper-type or corroded habit appears to represent an attachment point with an associated xenocrystic phase on the growth medium. However, multimineralic xenoliths containing zircon have not been found to confirm these possible intergrowths. Late-stage dendritic etching in-filled by baddeleyite is also present on many crystals (Figure 6d ), which indicates late-stage interaction with a highly-alkaline corrosive melt or fluid, and remobilization of Zr. Fluid inclusions dominated by H2O with rare CO2 bubbles were found by Zeug et al. [45] in a number of RVP zircon xenocrysts. Partially healed fissures surrounded many of the fluid inclusions.
All zircon samples were purchased directly from miners at each locality. Representative zircon grains ranging in size from 4 × 4 × 4 mm to 19 × 11 × 8 mm were hand-picked under a binocular microscope and mounted in epoxy blocks for analysis. The blocks were cut in half, laterally, on a thin section saw to expose the interior center of the grains prior to being polished.
Cathodoluminescence Microscopy and Electron Microprobe Analyses
Cathodoluminescence (CL) and back-scattered electron imaging (BSEI) was done on a JEOL 6610Lv scanning electron microscope (JEOL USA Inc., Peabody, MA, USA) operating at 20 kV with a spot size of 55 μm and a working distance of 20 mm. The SEM was equipped with a monochromatic Gatan miniCL detector (Gatan Inc., Pleasanton, CA, USA). Chemical analyses of the zircon xenocrysts were done with a JEOL Superprobe 8230 (JEOL USA Inc., Peabody, MA, USA) at All zircon samples were purchased directly from miners at each locality. Representative zircon grains ranging in size from 4 × 4 × 4 mm to 19 × 11 × 8 mm were hand-picked under a binocular microscope and mounted in epoxy blocks for analysis. The blocks were cut in half, laterally, on a thin section saw to expose the interior center of the grains prior to being polished.
Cathodoluminescence (CL) and back-scattered electron imaging (BSEI) was done on a JEOL 6610Lv scanning electron microscope (JEOL USA Inc., Peabody, MA, USA) operating at 20 kV with a spot size of 55 µm and a working distance of 20 mm. The SEM was equipped with a monochromatic Gatan miniCL detector (Gatan Inc., Pleasanton, CA, USA). Chemical analyses of the zircon xenocrysts were done with a JEOL Superprobe 8230 (JEOL USA Inc., Peabody, MA, USA) at the University of Ottawa. Operating conditions were as follows: beam diameter of 5 µm, operating voltage 20 kV, and a beam current of 40 nA. A total of six elements were sought and the following standards and X-ray lines were employed: synthetic YIG garnet (Y Lα), zircon (Zr Lα, Si Kα), synthetic UO 2 (U Mα), synthetic ThO 2 (Th Mα), and hafnon (Hf Mα). Count times for Zr, Th, U, and Si were 20 s on peak and 10 s on the background and count times on Hf and Y were 50 s on peak and 25 s on the background. Raw intensities were corrected by using the PAP routine [46] . The Hf concentrations obtained by EMPA (Table 1) were used as an internal standard for trace element determination by laser ablation inductively-coupled plasma mass spectrometry (LA-ICP-MS).
Trace-Element Analysis
Trace element contents were analyzed by using an Agilent 7700 quadrupole ICP-MS instrument (Agilent Technologies, Santa Clara, CA, USA) attached to a Photon Machines Excimer 193 nm laser system (Excite, Photon machines Inc., Redmond, WA, USA) at the Macquarie University. The analyses were carried out by using the same laser conditions as for U-Pb dating. Detailed descriptions of analytical and calibration procedures have been given by Belousova et al. [5] . Quantitative results for 25 elements reported in this paper were obtained through calibration of relative element sensitivities using the NIST-610 standard glass and the GEMOC GJ-1 and Mud Tank zircon standards [47] as the external calibration standard as well as normalization of each analysis to the EMPA data for Hf as an internal standard. The precision and accuracy of the NIST-610 analyses are 1-2% for REE, Y, Sr, Nb, Hf, Ta, Th, and U at the ppm concentration level, 4% for Ti, 5% for Pb, and 20% for P at ppm concentrations.
Hf-Isotope Analysis
Methodology and an analytical condition for the Lu-Hf isotope analysis are provided by Griffin et al. [48] . Hf-isotope analyses were carried out in situ using a New Wave/Merchantek UP-213 laser-ablation microprobe (New Wave Research, Inc., Petach Tikva, Israel), attached to a Nu Plasma multi-collector ICP-MS (Nu Instruments Ltd., Wrexham, UK) at Macquarie University. The analyses were carried out with a beam diameter 55 µm and a 5 Hz repetition rate. Typical ablation times were 100-120 s and resulted in pits 30-40 µm deep. The ablated sample was transported by He carrier gas from the laser-ablation cell via a mixing chamber to the ICP-MS torch.
Interference of 176 Lu on 176 Hf is corrected by measuring the intensity of the interference-free 175 Lu isotope and using 176 Lu/ 175 Lu = 0.02669 [49] [50] . Precision and accuracy obtained on the 176 Hf/ 177 Hf ratio are illustrated by analyses of standard zircons in Griffin et al. [48] and Pearson et al. [50] . The typical 2SE precision on the 176 Hf/ 177 Hf ratios presented here is about 0.00002, which is equivalent to +0.7 eHf unit. The Mud Tank and Temora zircon were used as independent control on reproducibility and instrument stability. Most of the data and the mean value are within 2 s. ([54] ). To calculate model ages (T DM ) based on a depleted-mantle source, we assume that the depleted mantle (DM) reservoir developed from an initially chondritic mantle is complementary to the crust extracted over time. T DM ages, which are calculated using the measured 176 Lu/ 177 Hf of the zircon, can only give a minimum age for the source material of the magma from which the zircon crystallized. Therefore, we have also calculated a "crustal" model age (T DM C in data tables) for each zircon that assumes its parental magma was produced from an average continental crust ( 176 Lu/ 177 Hf = 0.015, Geochemical Earth Reference Model database, http://www.earthref.org/), which was derived from a depleted mantle.
Geochronometry
U-Pb Dating by LA-ICP-MS
Zircon U-Pb ages were measured by using an Agilent 7700 quadrupole ICP-MS attached to a Photon Machines Excimer 193 nm laser system. The analyses were carried out with a beam diameter of 50 µm with 5 Hz repetition rate and energy of 8 J/cm 2 . The analytical procedures for the U-Pb dating have been detailed previously [55] . A very fast scanning data acquisition protocol was employed to minimize signal noise. Data acquisition for each analysis was 3 min (1 min background, 2 min signal). Ablation was carried out in He to improve sample transport efficiency, provide more stable signals, and give more reproducible U/Pb fractionation. Provided that constant ablation conditions are maintained, accurate correction for U/Pb fractionation can then be achieved.
Sample analyses were bracketed by pairs of analyses of the GEMOC GJ-1 zircon standard [47] . The other well-characterized zircon standard 91500 was analyzed within the run as an independent control on reproducibility and instrument stability (see data tables). U-Pb ages were calculated from the raw signal data by using the online software package GLITTER (version 4.4.4, ARC National Key Centre, Sydney, Australia, www.glitter-gemoc.com; [56] ). GLITTER calculates the relevant isotopic ratios for each mass sweep and displays them as time-resolved data. This allows isotopically homogeneous segments of the signal to be selected for integration. GLITTER then corrects the integrated ratios for ablation related fractionation and instrumental mass bias by calibration of each selected time segment against the identical time segments for the standard zircon analyses.
The common-Pb correction procedure of Andersen [57] was employed and the analyses presented here have been corrected assuming recent Pb-loss with a common-Pb composition corresponding to present-day average orogenic Pb as given by the second-stage growth curve of Stacey and Kramers [58] for 238 U/ 204 Pb=9. 74 . No correction has been applied to analyses that are concordant within 2σ analytical error in 206 Pb/ 238 U and 207 Pb/ 235 U or which have less than 0.2% common lead.
(U-Th)/He Thermochronology
The age of eruption of the zircon host basalt was determined by (U-Th)/He thermochronology. This method, when applied to zircon, has a closure temperature of~180 • C (for cooling rate of 10 • C/Ma,~60 µm diameter diffusion domain equivalent sphere radius, [59] ). In the simplest scenario (i.e., simple cooling without subsequent reheating), the ages measured by this method can be interpreted as true 'eruption ages' recording the passage of zircon-bearing magma to the surface and associated cooling. It is important to note that the traditionally used zircon U-Pb geochronology has a closure temperature in excess of~900 • C and records the time of zircon crystallization in the magma chamber as well as provides a maximum limit for the eruption age, but it cannot directly date the eruption age.
The (U-Th)/He dating of zircon was conducted at the University of Waikato (New Zealand) by following the protocols described in Danišík et al. [60, 61] . The large zircon megacrysts (mm-cm sized) could not be fit into the Nb microtubes (i.e., cylinders~0.9 mm long, with internal diameter of~0.6 mm) and were, thus, first abraded (thereby removing the uppermost~30 microns of the surface) using an air-abrasion cell with pyrite as abrasion medium. This step circumvented the need of alpha ejection correction ( [62] ). Abraded megacrysts were then crushed in a steel mortar. The 60-150 µm fraction was separated using sieves and cleaned in an ultrasonic bath with ethanol. Clean shards (3-5 per sample) were individually loaded into Nb microtubes, degassed at~1250 • C under ultra-high vacuum by using a diode laser, and analyzed for 4 He by isotope dilution on a Pfeiffer Prisma QMS-200 mass spectrometer. Following He measurements, the zircon shards in Nb microtubes were spiked with 235 U and 230 Th, and dissolved in hydrofluoric, nitric, and hydrochloric acids. The solutions were analyzed by isotope dilution for U and Th and by external calibration for Sm on a Perkin-Elmer SCIEX ELAN DRC II ICP-MS (PerkinElmer, Inc., Waltham, MA, USA). The total analytical uncertainty (TAU) was calculated as the quadratic addition on He and weighted uncertainties on U, Th, Sm, and He measurements and is typically~2% (1σ). The raw zircon (U-Th)/He ages were not corrected for alpha ejection (Ft correction) given the abrasion step described above. Replicates (3 to 5 per sample) with associated uncertainties were used to calculate the geometric mean ( [63] ) and error-weighted standard deviation as representative eruption age for each sample. Replicate analyses of the Fish Canyon Tuff zircon (n = 18) measured over the period of this study as an internal standard yielded a mean (U-Th-Sm)/He age of 28.2 ± 0.6 Ma, which is in excellent agreement with the (U-Th-Sm)/He age of the Fish Canyon Tuff zircon mineral standard dated at 28.3 ± 1.3 Ma [64] . All replicates in each sample overlap within 1σ error bars and total analytical errors for individual replicates are significantly below 5%, which is typical for zircon dating procedures.
δ 18 O Isotopic Analyses
Zircons were analyzed by laser fluorination at the University of Wisconsin, Madison. Zircon concentrates were prepared by standard crushing as well as gravimetric and magnetic techniques and soaked in cold HF overnight to remove radiation-damaged domains and contamination Bulk samples of~2 mg were pre-treated in BrF 5 overnight, fluorinated by laser heating with a 32 W CO 2 laser operating at a wavelength of 10.6 µm, and analyzed by a gas-source mass spectrometer. Data are standardized against multiple analyses of the UWG-2 garnet standard performed on the same day (δ 18 [65, 66] ).
Results
Zircon Crystal Morphology and CL Zonation
Morphological studies were done on intact zircon grains as well as by CL after the crystals had been cut and polished to expose their centers. The recognition of the dominant forms, {100} prism and {101} bipyramid, as well as less pronounced {110} prisms and {211} pyramids in each crystal allows for discrimination of zircon morphological types by using the Pupin [67] classification. On the basis of empirical observations, Pupin [67] argued for a relationship between zircon morphology and the composition of the medium in which the zircon crystallized. Those crystallizing from a peraluminous melt are dominated by {211} pyramids and those crystallizing from peralkline melts are dominated by {101} pyramids. The alkalinity index [Al/(Na+K)] is, thus, designated as index A. The temperature of the growth medium (index T) is the dominant factor in controlling the relative development of prism faces with higher temperatures favoring {100} prisms and lower temperatures favoring {110} prisms.
RVP zircon xenocrysts occupy a narrow range of forms on the Pupin [67] typological correlation diagram and fall into two categories: (1) those dominated by the {100} prism and {101} bipyramid belonging to subgroup J5 and (2) those with additional moderately developed {110} prisms and {211} dipyramids belonging to subgroups S19-20 and S24-25. There is no evidence in CL images to suggest that rapid changes in the magma composition or temperature took place during zircon crystallization. Both morphological populations suggest crystallization in an alkaline environment at temperatures of 800-900 ± 50 • C.
All zircon display strong, primary, magmatic oscillatory growth zoning when imaged by CL (Figure 7 ), which is a reflection of the non-equilibrium conditions during crystallization [68] . Oscillatory growth areas are very fine with bands on the order of <1-25 µm (Figure 7a,b) . A number of grains also display distinctive sector zoning upon which the oscillatory zoning is imposed (Figure 7c-e) . Zonation patterns are generally very sharp and crystallographically-controlled. With the exception of one grain, all zircon are non-metamict, unaltered, and do not contain relict cores, which confirms their primary igneous origin. Studies by Witter et al. [69] also found RVP zircon to have negligible radiation damage with time-integrated self-irradiation doses on the order of 10 16 alpha-decay events/gram (α/g) (note that detectable radiation damage requires a minimum of 0.1-0.2 × 10 18 α/g). One grain (BL53-1, Figure 7f ) contains a core that is black in CL and does not display any discernible zoning pattern in either CL, BSEI, or optically. Limited yet distinct magmatic zoning is observed in BSE images of RVP zircon. However, when the CL and BSE images can be compared, dark regions in CL correspond to bright areas (highest mean atomic weight) in BSE images. Chemical analyses of the individual zones reveal Th and U to be the most important influence, measurable by EMPA, on the observed zonation patterns-regions rich in Th + U are darkest in CL (both sector and oscillatory zoning) and brightest in BSE images. Optically, zones enriched in Th + U are darker in color and range from dark orange-brown to dark red. 
Zircon Chemistry
Average EMPA data are shown in Table 1 and representative trace element data (ppm) are shown in Table 2 . Rim and core analyses are noted when applicable. Figure 8 depicts box plot These results are in direct contrast to those presented by Cong et al. [23] for six alluvial zircon from an unknown locality in the RVP. Cong et al. [23] indicate that none of the zircon display oscillatory magmatic zoning in CL images and, that in BSE images, the samples are homogeneous. Cathodoluminescence images presented in the Cong et al. [23] study show very weak growth zoning, which is contrary to statements made within the text. In total, more than 50 zircons from the RVP deposits were examined by CL imaging in this study and all showed strong growth zoning. This discrepancy between the two sample sets may simply be the result of incorrect settings during CL imaging by Cong et al. [23] . However, the authors later use these results incorrectly as evidence for thermal homogenization of the zircons in the mantle.
Average EMPA data are shown in Table 1 and representative trace element data (ppm) are shown in Table 2 . Rim and core analyses are noted when applicable. Figure 8 depicts box plot diagrams for relevant trace elements (a) and ratios (b) in zircon from each locality. Rare-earth element (REE) data were normalized to C-1 chondrite values [70] and plotted on logarithmic multi-element diagrams (La-Lu, Figure 9 ). Figure 10 depicts the chondrite-normalized trace element spidergram for the RVP zircon (in shaded orange). Data from Cong et al. [23] as well as for zircon from a variety of rock types [5] . [23] ) and zircon from other rock types [5] . [23] ) and zircon from other rock types [5] . [23] ) and zircon from other rock types [5] .
Electron microprobe analysis of the zircon xenocrysts gave major element compositional ranges of SiO 2 79) , which is higher than expected for mantle zircon (Zr/Hf = 60-68, Pupin [71] ). Zircon from the RVP show wide variations in Ti, Nb, Ta, U, Th, P, Y, and REE contents between both grains and localities. In general, all RVP zircon show heavy REE (HREE) enrichment, have a positive Ce anomaly, and lack a negative Eu anomaly with ΣREE+Y, U, Th, and Ti contents exhibiting a decrease from core to rim in most samples. No compositional difference is observed between morphological types of the xenocrysts. Two distinct compositional populations exist: (1) the main population of RVP zircon from Bokeo Clas, Phum Throm, and BoLoei and (2) zircon from Bei Srok, which have higher overall trace element concentrations than the main RVP population.
Zircon from the main population have trace element concentrations as follows [ppm range (average)]: P 22-88 (average 51), Ti 1.6-6.5 (average 3.7), Nb 0.8-6 (average 2.6), Ta 
Ti-in-Zircon Thermometer
Watson and Harrison [72] and Watson et al. [73] used high-pressure/high-temperature experimental methods coupled with analyses of natural zircons to determine the exact relationship between Ti content and crystallization temperature in zircon TiO 2 . The resultant Ti-in-zircon thermometer (Equation (1)) has the capability to provide temperature with a precision of ± 5 • C depending on the Ti concentration and the analytical method employed [73] .
T (
• C) zircon = [5080/(6.01 − log(Ti ppm )] − 273
A number of limiting factors must be considered when utilizing the Ti-in-zircon thermometer including the variation of TiO 2 or SiO 2 activity in the melt, the pressure fluctuation, changes in the Ti content of the zircon as a result of solid state diffusion or post-crystallization alteration, and the assumption that the temperature dependence of Ti in zircon is an equilibrium process and obeys Henry's Law [74] . Cherniak and Watson [75] demonstrated that Ti is strongly retained by the zircon structure in both anhydrous (1 atm) and H 2 O-CO 2 -bearing (1.1-1.2 GPa) systems at temperatures between 1350 and 1550 • C.
Titanium contents in the analyzed zircon are all above the detection limit (0.1 ppm) and range from 2 to 10 ppm (Table 3 ). All zircon are primary magmatic phases with oscillatory zonation, which is the result of intrinsic non-linear feedback between the parental melt and the growing crystal [68] . Although this zonation suggests local non-equilibrium during growth, which is a result of the continuous process of depletion and replenishment of solute at the crystal-melt boundary, there is no evidence for large-scale disequilibrium due to extrinsic mechanisms in the system. This indicates that Ti contents in the zircon are a primary magmatic feature. In addition, there is no evidence for metamictization or alteration which could be responsible for Ti diffusion. As such, the temperatures obtained by the Ti-in-zircon thermometer are considered representative of the difference in relative crystallization temperatures between zircon from the RVP localities. Average Ti-in-zircon temperatures are 663 ± 28 • C (range: 601-739 • C, Table 3 ). In general, there is a decrease in the calculated temperature from core to rim in all samples with ∆T ranging from 10-55 • C. Wider variation in temperature between core and rim may simply reflect the larger size of the zircon grains themselves, which is a possible reflection of residence time within the parental melt. No difference in calculated temperatures is observed between the various morphological types, which is contrary to what is predicted based on Pupin's T versus A diagram [67] . Temperatures based on morphological studies suggest crystallization at 800 to 900 • C, which is significantly higher than that predicted by Ti-in-zircon temperatures. The lower T for Ti-in-zircon results than predicted for natural zircon may result from pressure and Ti 4+ substitution effects [76] . The relatively low Ti-in-zircon for RVP samples may reflect the likely high-pressure mantle origin of these xenocrysts, which has also been suggested for kimberlite zircons [77] .
Geochronology Results
U-Pb age dates were obtained for 11 zircon grains from the four mining regions with three to nine analyses per grain (Table S1 ). All samples lack any significant U-Pb age differences between core and rim, which confirms the lack of inherited cores and a single growth event for all the zircon. The young zircon xenocrysts are depleted in 207 Pb and subsequently 207 Pb/ 235 U ages are very poor with large associated errors. As a result, only 206 Pb/ 238 U is reported in this case (Table 4) . Weighted mean 206 Pb/ 238 U ages range from 0.88 ± 0.22 Ma (PT50) to 1.56 ± 0.21 Ma (PT49) at the 95% confidence level (1σ error, Table 4 ). Seven U-Pb ages determined by ID-TIMS on RVP zircon during a gemological study [45] gave an average age of 0.92 ± 0.07 Ma (range: 0.83-1.03 Ma), which is in agreement with analyses in this study (Table 4) . Analyses of a zircon inclusion in corundum from the BL deposit gave a U-Pb age of 0.855 ± 0.098 Ma, which suggests a temporal, if not a genetic, relationship between the two xenocrystic phases [12] . Similar age ranges are noted for zircon xenocrysts from Eastern Gondwana margins including Western Cambodia (Table 4) . Fission track dating of zircon from Bokeo by Carbonnel et al. [78] yielded ages ranging from 1.10-1.41 Ma, which is also in agreement with the ages from this study. A total of 37 crystal shards of zircon crystals from the four mining regions were dated by the (U-Th)/He method (Table S2) . Reproducibility of (U-Th)/He ages (ZHe) from each locality (typically 5-6 ages) was excellent with all replicates overlapping within analytical uncertainty. Final ZHe ages, calculated for each locality as error-weighted means and standard deviation as uncertainty, range between 0.86 ± 0.02 and 1.02 ± 0.02 Ma (Table 4) . These are slightly younger or overlap with uncertainty via the corresponding U-Pb ages measured by LA-ICP-MS, which represent a minimum time for zircon crystallization in accordance with the closure temperature concept [82] and also confirms the accuracy of both dating methods. The age and similarity of ZHe and U-Pb ages points to an extremely fast cooling of the crystals from magmatic temperatures through the zircon helium closure isotherm and suggests that the dated crystals erupted to the surface approximately in the same time between 1.02 and 0.86 Ma. As with the U-Pb ages, there seems to be no correlation between the ZHe eruption ages and the spatial distribution of dated samples.
Hf Isotope Signatures
Zircon from the RVP deposits show a moderate range in the Hf isotope composition (Table S3) 
Oxygen Isotope Ratios
Oxygen isotope ratios provide valuable information about the melt from which the zircon crystallized, which often allows for the discrimination between mantle and crustal sources. ; [86] ) and in zircon from kimberlite [77, 87] . The δ 18 O zrn values for RVP zircon suggest crystallization from a homogeneous igneous reservoir in the SCLM underlying the RVP with little to no contamination by supracrustal lithologies. 
Discussion
Classification and Comparisons of RVP Zircon Xenocrysts
The extensive substitution of trace elements (up to 50) into the zircon structure is useful in studies of the compositional variation in igneous zircons as a petrogenetic indicator. Such data can reveal fractionation processes, the nature of source rocks, and provenance of zircons from secondary deposits [5, [88] [89] [90] [91] [92] . Shnukov et al. [92] and Pupin [93] utilized Hf and Y concentrations to classify magmatic zircons by focusing on early-stage and late-stage magmatic phases from both mantle and crustal rocks of orogenic and anorogenic origins. Belousova et al. [5] analyzed trace element compositions of zircons from nine different igneous rock types ranging from ultramafic to granitic and syenitic in nature as a way to statistically discriminate between zircon populations and assist in the identification of their source regions. The study suggested that compositional variation in HfO 2 , Y, Nb, Ta, Lu, Ce/Ce* N , ΣREE, Yb/Sm N , and Th/U are the most useful petrogenetic indicators across the represented range of rock types and that the provenance or parent rock type of a zircon can be determined at confidence levels of 75% or more.
Zircon xenocrysts from the RVP typify zircons that crystallize from a juvenile, Zr-saturated, REE+Y-enriched alkaline magma or melt with low HfO 2 (<0.9 wt %), Y 2 O 3 (<0.2 wt %), U, Th, ΣREE (<600 ppm), Eu/Eu* N ≈ 1, and steep, and HREE-enriched REE profiles [4, 5, 94] . RVP zircon xenocrysts exhibit the depletion of ΣREE+Y, U, and Th with increasing Yb/Sm N from core to rim at almost a constant Hf content. Such zoning favors zircon growth as a single growth stage in an alkaline environment rather than growth involving fractional crystallization [22, 94, 95] . In depolymerized alkaline melts, the partition coefficients for Hf and Zr between zircon and melt are approximately equal over a wide T range and melt compositions [22] . As such, crystallization of zircon will not fractionate Zr and Hf significantly, which results in near constant Zr/Hf in the zircon/melt. An accompanying trend of decreasing REE, Y, U, and Th and increasing Yb/Sm N suggests that RVP zircon crystallized during a single magmatic event with no influx of additional melt components. The lack of a negative Eu anomaly in these zircons also suggests crystallization in a system where plagioclase did not crystallize or at pressures above the plagioclase stability zone (~0.80 GPa in fertile mantle lherzolite [96] ), which lends further support to a sodium-potassium-rich melt. Increasing Yb/Sm N from core to rim may indicate the depletion of the melt in LREE as a result of a co-crystallizing phase (i.e., apatite) or selective absorption of HREE during the crystallization period [94] . RVP zircon xenocrysts found as isolated crystals within the host alkali basalt, contain corroded REE-rich apatite, and REE carbonates as rare inclusions in larger crystals. Lacombe [43] also noted a carbonate mineral within the RVP zircon as a further sink for LREE and a likely growth environment enriched in CO 2 .
Utilizing the classification by Pupin [93] based on HfO 2 and Y 2 O 3 contents, all RVP zircons plot in field 1c, mantle-derived hawaiite and alkali basalt, which lies within a narrow range of Hf contents and a spread of Y contents (18-2011 ppm) . In Shnukov's Y versus Hf diagram, RVP zircons almost entirely fall within the carbonatite field (VII), with rare samples in the alkaline rocks and alkaline metasomatite field (VI) [92] . Such affinities also apply to zircon xenocrysts from nearby Ban Huai Xai, Laos [11] , and Pailin, and Cambodia (Piilonen, unpublished data, Figure 11 ). The statistical classification scheme by Belousova et al. [5] predicts a cabonatitic provenance for almost all RVP zircon xenocrysts in agreement with the Y versus Hf discrimination diagram except for BS47 in which a higher Lu content (>20.7 ppm) suggests an origin from a basaltic parental melt. and zircon inclusions in corundum (modified after [92] ). Red diamonds: RVP zircon, blue squares:
Pailin, Cambodia (Piilonen, unpublished data), blue field: Thailand (Piilonen, unpublished data), green triangles: Australia [11] , orange circles: zircon xenocrysts from carbonatites [5] , black crosses: zircon inclusions in corundum xenocrysts [10, 12, 38, 97] .
Isolated RVP zircon xenocrysts differ from many other zircon xenocryst suites that are commonly spatially associated with corundum xenocrysts either in multimineralic xenoliths or as discrete crystals in heavy mineral separates, e.g., Bo Phloi and Chanthaburi-Trat regions in Thailand (Piilonen, unpublished data, [98, 99] ), South Vietnam [100] , Loch Roag, Scotland [97] , and Lava Plains, NE Australia [10, 12] . Such zircons associated with corundum, either as xenocrysts or as corundum-hosted inclusions, have consistently higher Hf (>1 wt % and up to 4.5 wt % HfO2) and often negative Eu anomalies, which suggests evolved, likely peraluminous corundum-bearing sources ( Figure 11 ). Zircon inclusions in blue-green-yellow magmatic corundum xenocrysts (BGY suite) not only show enriched Hf and noticeable negative Eu anomaly but also have enrichments in Y (up to 1 wt % Y2O3), U (up to 1 wt % UO2), Th (up to 2.1 wt % ThO2), and REE up to 12,060 ppm [11, [101] [102] [103] . These corundum-hosted zircons are dominated by the {110} prism over the {100} prism unlike the RVP zircon xenocrysts and are a morphology thought to be related to high U, Th, Y, REE, and P contents in the parental melt [104] . Plotted on the Y versus Hf discrimination diagram (Figure 12 ), the zircon compositions hosted in RVP corundum fall across Type II and III sources (II-ultramafic, mafic, and intermediate rocks, III-quartz-bearing intermediate and felsic rocks). Figure 11 . Y versus Hf discrimination diagram for RVP zircon, zircon xenocrysts from ZIP localities, and zircon inclusions in corundum (modified after [92] ). Red diamonds: RVP zircon, blue squares: Pailin, Cambodia (Piilonen, unpublished data), blue field: Thailand (Piilonen, unpublished data), green triangles: Australia [11] , orange circles: zircon xenocrysts from carbonatites [5] , black crosses: zircon inclusions in corundum xenocrysts [10, 12, 38, 97] .
Isolated RVP zircon xenocrysts differ from many other zircon xenocryst suites that are commonly spatially associated with corundum xenocrysts either in multimineralic xenoliths or as discrete crystals in heavy mineral separates, e.g., Bo Phloi and Chanthaburi-Trat regions in Thailand (Piilonen, unpublished data, [98, 99] ), South Vietnam [100] , Loch Roag, Scotland [97] , and Lava Plains, NE Australia [10, 12] . Such zircons associated with corundum, either as xenocrysts or as corundum-hosted inclusions, have consistently higher Hf (>1 wt % and up to 4.5 wt % HfO 2 ) and often negative Eu anomalies, which suggests evolved, likely peraluminous corundum-bearing sources ( Figure 11 ). Zircon inclusions in blue-green-yellow magmatic corundum xenocrysts (BGY suite) not only show enriched Hf and noticeable negative Eu anomaly but also have enrichments in Y (up to 1 wt % Y 2 O 3 ), U (up to 1 wt % UO 2 ), Th (up to 2.1 wt % ThO 2 ), and REE up to 12,060 ppm [11, [101] [102] [103] . These corundum-hosted zircons are dominated by the {110} prism over the {100} prism unlike the RVP zircon xenocrysts and are a morphology thought to be related to high U, Th, Y, REE, and P contents in the parental melt [104] . Plotted on the Y versus Hf discrimination diagram (Figure 12 [11] ), and carbonatites (green circles [5] ). Fields for continental and oceanic crust and kimberlite from Grimes et al. [105] . Fields for mantle and magmatic arc arrays from Grimes et al. [106] .
Source Affinities
All RVP zircon xenocrysts have trace element and O-Hf isotopic compositions indicative of a primary, alkaline magma derived from a variably-depleted lithospheric mantle source with limited supracrustal contamination. Their Hf isotopic compositions lie between those for depleted, juvenile mantle and a chondritic reservoir (CHUR, Figure 13 ). This supports either (1) a juvenile mantle source mixed with older crustal material or (2) recycled material with a longer crustal residence time. Their Y versus Yb/U are more chemically aligned to continental crust rather than recycled [23] ), Thailand (blue squares, Piilonen, unpublished data), other ZIP localities (orange triangles, Australia, Laos, Vietnam [11] ), and carbonatites (green circles [5] ). Fields for continental and oceanic crust and kimberlite from Grimes et al. [105] . Fields for mantle and magmatic arc arrays from Grimes et al. [106] .
All RVP zircon xenocrysts have trace element and O-Hf isotopic compositions indicative of a primary, alkaline magma derived from a variably-depleted lithospheric mantle source with limited supracrustal contamination. Their Hf isotopic compositions lie between those for depleted, juvenile mantle and a chondritic reservoir (CHUR, Figure 13 ). This supports either (1) a juvenile mantle source mixed with older crustal material or (2) recycled material with a longer crustal residence time. Their Y versus Yb/U are more chemically aligned to continental crust rather than recycled oceanic crust values (Figure 11 ), which is observed for zircon xenocrysts from other mantle-derived rocks including some kimberlites and carbonatites [105] . The variance in the Hf isotope compositions between RVP samples and within grains (εHf = 4.77-9.92) may, therefore, reflect localized source variation or unmixed crustal or metasomatic components. Griffin et al. [48] suggested that low and variable εHf in some kimberlitic zircon may be due to crystallization from DM-derived or the ocean island basalt (OIB)-type magmas undergoing assimilation/fractionation reactions with a non-radiogenic lithosphere. The SCLM underneath the RVP is a complex region of multiple rift-related and back-arc-related collisional remnants, the Song Ma suture zone, and back margins of the Himalayan collision zone. As the zircon xenocrysts did not crystallize from the host alkali basalt magma, an additional Mantle-derived melt is needed. A DM-derived melt interacting with SCLM underneath the RVP would encounter various reservoirs with non-radiogenic Hf, widely varying ages, and Lu/Hf ratios will result in variable 176 Hf/ 177 Hf in the crystallizing zircon.
Similarities of U-Pb (0.88-1.56 Ma) and (U-Th)/He ages (0.86-1.02 Ma) yielded by RVP zircon crystals suggest their minimal mantle residence time (0.18-0.86 Ma) and a rapid ascent to the near-surface temperatures facilitated by the alkali basalts. The U-Pb and (U-Th)/He ages, however, are clearly older than the geomagnetic reversal at 0.7 Ma that predates the later, explosive phase of basaltic volcanism in the area [42] . The U-Pb and (U-Th)/He, thus, suggest an earlier onset of basaltic volcanism in the area starting at least at~1.02 ± 0.02 Ma. Crystal morphology, compositional zoning, and REE patterns indicate zircon growth from a single magma without fractional crystallization or injection of additional melts.
Model Hf ages for RVP zircon give dates significantly older than given by U-Pb and (U-Th)/He methods and correspond to major tectonic events in the SE Asia region. The estimated minimum T DM model ages (333-403 Ma) correspond to the Alleghenian orogeny and suturing of the Indochina and South China blocks (~340 Ma). The older estimated minimum T DM C model ages suggest that the source material for RVP zircon crystallization separated from the depleted mantle around 500-650 Ma during a major crust-building collision between East and West Gondwana to form late Neoproterozoic Pannotia (~650 Ma), which then broke-up in the early Paleozoic (~550 Ma). compositions between RVP samples and within grains (εHf = 4.77-9.92) may, therefore, reflect localized source variation or unmixed crustal or metasomatic components. Griffin et al. [48] suggested that low and variable εHf in some kimberlitic zircon may be due to crystallization from DM-derived or the ocean island basalt (OIB)-type magmas undergoing assimilation/fractionation reactions with a non-radiogenic lithosphere. The SCLM underneath the RVP is a complex region of multiple rift-related and back-arc-related collisional remnants, the Song Ma suture zone, and back margins of the Himalayan collision zone. As the zircon xenocrysts did not crystallize from the host alkali basalt magma, an additional mantle-derived melt is needed. A DM-derived melt interacting with SCLM underneath the RVP would encounter various reservoirs with non-radiogenic Hf, widely varying ages, and Lu/Hf ratios will result in variable 176 Hf/ 177 Hf in the crystallizing zircon. Similarities of U-Pb (0.88-1.56 Ma) and (U-Th)/He ages (0.86-1.02 Ma) yielded by RVP zircon crystals suggest their minimal mantle residence time (0.18 -0.86 Ma) and a rapid ascent to the nearsurface temperatures facilitated by the alkali basalts. The U-Pb and (U-Th)/He ages, however, are clearly older than the geomagnetic reversal at 0.7 Ma that predates the later, explosive phase of basaltic volcanism in the area [42] . The U-Pb and (U-Th)/He, thus, suggest an earlier onset of basaltic volcanism in the area starting at least at ~1.02 ± 0.02 Ma. Crystal morphology, compositional zoning, and REE patterns indicate zircon growth from a single magma without fractional crystallization or injection of additional melts.
Model Hf ages for RVP zircon give dates significantly older than given by U-Pb and (U-Th)/He methods and correspond to major tectonic events in the SE Asia region. The estimated minimum TDM model ages (333-403 Ma) correspond to the Alleghenian orogeny and suturing of the Indochina and South China blocks (~340 Ma). The older estimated minimum TDM C model ages suggest that the source material for RVP zircon crystallization separated from the depleted mantle around 500-650 Ma during a major crust-building collision between East and West Gondwana to form late Neoproterozoic Pannotia (~650 Ma), which then broke-up in the early Paleozoic (~550 Ma). 
Carbonatitic Signatures in Ratanakiri Zircons
Geochemical signatures in RVP zircon suggest that the crystallizing melts had carbonatitic links. Chemical ranges for carbonatite-derived zircons, however, are loosely defined and are much wider than the main carbonatite field (VII) in their Hf-Y discrimination diagram. They also fall 
Geochemical signatures in RVP zircon suggest that the crystallizing melts had carbonatitic links. Chemical ranges for carbonatite-derived zircons, however, are loosely defined and are much wider than the main carbonatite field (VII) in their Hf-Y discrimination diagram. They also fall within fields (II) ultramafic, mafic, and intermediate rocks as well as (VI) alkaline rocks and alkaline metasomites ( Figure 9 ) [5] . Some zircons analyzed from carbonatitic dikes proved to represent crystallization from a silicate melt instead of a carbonatitic melt and are probably xenocrysts from wall rock contamination [107] . Strict chemical characterization of 'carbonatitic zircons' is clearly complex and partly unreliable [108, 109] . Saava et al. [109] surveyed more than 100 carbonatitic zircons and found only 45% could be assigned to a carbonatitic source and that large compositional variation existed between both individual grains and localities. This variation may represent a constantly-evolving carbonatitic melt and its interaction with co-magmatic silicate sources or reflect variable generation in continental carbonatites from the SCLM and, in cases of oceanic island carbonatites, generation in the asthenosphere [110, 111] .
Carbonatites seem absent in Cambodian surface geology even though they appear in adjacent Northwestern Vietnam where rift-related carbonatites are dated at 28-44 Ma (biotite K-Ar ages) and 30-32 Ma (U-Th-Pb isochron ages) in South Nam Xe [112] . Geochemically, these carbonatites suggest involvement of an enriched mantle component in their genesis. These HSFE-deficient rocks, however, are low in Zr and lack zircon. Cenozoic carbonatite intrusions (12-40 Ma) lie 1600 km to the north within the SW China craton (Mianning-Denchang intrusive belt [113] ). For the RVP magmatic sources, with a predisposition to crystallize carbonatitic-type zircon, their exact nature remains uncertain.
The absence of surficial carbonatites does not preclude a carbonatized mantle source [114] . Several types of continental carbonatitic-influenced mantle sources are known to have the potential to generate zircon megacrysts of an RVP type. Asian examples include: (1) stratified mantle deduced from ultramafic xenoliths that show initial silicate and then carbonatitic metasomatism in kamafugites from Western Qinlan, Central China [115] , and (2) Pacific slab-induced carbonatitic metasomatism in garnet-bearing lherzolite xenoliths from Cenozoic basalts in NE China [116] [117] [118] . The latter is related to alkali basalts at Changle where zircon megacrysts have Hf-Y ranges similar to those in RVP zircons and the carbonatitic-modified mantle is recognized [13] . Elsewhere, upper mantle xenoliths with carbonatitic reactions are recorded in young basalt fields in SE Australia [119] . Vent deposits in this field include zircon megacrysts that show transitional silicate-carbonatitic affinities [120] .
The extent to which carbonatitic altered mantle sources have contributed to zircon megacryst suites along Western Pacific continental margins remain uncertain. This uncertainty stems from the patchy spread of carbonatitic fields within the classification and regression trees CART discrimination model and the availability of inclusion and geochemical data furnished from the zircon-related host basalts [11] . A study of mantle xenoliths from young basalts on the Leizhou Peninsula, which is adjacent to the Pengali, Hainan Island mantle zircon xenocryst suites detailed a range of mantle melting and metasomatic effects [13, 121] . The study identified trace element diffusion effects within the mantle and showed that HFSE depletions in metasomatized lherzolite do not necessarily require a carbonatitic metasomatizing agent.
Variation in Zircon-Bearing Xenocryst Assemblages in SE Asia
The enigmatic associations of zircon and corundum xenocrysts in intraplate alkaline basalt provinces continue to raise questions about their petrogenesis. The highly zircon-dominated RVP xenocryst suite, with minor corundum, is rare among the many basaltic gem deposits along West Pacific continental margins; corundum is common elsewhere in Cambodia (Pailin), through much of SE Asia and along Eastern Australia [8] . The lack of corundum in RVP alkali basalts suggests that particular mantle conditions favored RVP zircon genesis.
Some clues to these conditions may be offered by a study of zircon and corundum (sapphire)-bearing albititic dykes exposed within mantle assemblages in the French Pyrenees [122, 123] .
Some dykes contain only zircon megacrysts, some contain zircon + corundum, and some contain only corundum. Zircon in corundum-free dykes have systematically lower Hf (0.46-0.68 wt % Hf) and lower Y (740-1850 ppm), which is similar to that observed in the RVP zircon while zircon accompanied by corundum has higher values (Hf up to 1.8 wt %, Y up to 13,000 ppm). Geochemically, these dykes indicate a mantle origin, which is the result of very low degrees of partial melting (<1%) of a harzburgite source that has undergone metasomatism by a carbonatitic fluid phase prior to crystallization of the mega-crysts. To answer this dichotomy in megacryst generation, Pin et al. [123] attributed zircon formation to more CO 2 -rich fluid conditions relative to more hydrous conditions for corundum formation within the feldspathic melts in the dykes during high pressure crystallization of the assemblage on the liquidus.
Models for Generation of RVP Zircon-Rich, Corundum-Poor Gem Suite
Explanations for the distinct zircon generations (low-Hf isolated zircon versus high-Hf zircon associated with corundum) along with associated megacrysts (anorthoclase) include low degrees of partial melting of the upper mantle coupled with metasomatism by a carbonatitic melt/fluid, the immiscibility of a silico-carbonatitic melt, or the interaction of carbonatitic and syenitic melts within the SCLM [86, 100, 124] . Both alkali basalt magmas and their mantle source regions are known sources of CO 2 and, in intraplate continental basalts, CO 2 is the main volatile [125] .
At pressures~20 kbar, CO 2 solubility increases dramatically, which promotes low-T melting of peridotite (<1000 • C) as well as significantly lowering of SiO 2 contents in resultant partial melts [114] . Very small degrees of partial melting (<1%) of a peridotite or a harzburgite at upper mantle conditions can produce early liquids strongly enriched in Si, Na, and Al and depleted in Fe, Mg, Ca, and Ti, which is similar in composition to syenite melts [122, 123] . If such alkali-rich partial melt further undergoes enrichment by an H 2 O-rich or CO 2 -rich metasomatizing fluid, the behavior and activity of Si and Al are affected. The addition of H 2 O to the metasomatizing fluid increases corundum saturation but does not affect Zr solubility [19] . The degree of partial melting, Zr content, alkalinity, and the degree of Al saturation of this silicate melt will be the determining factors in producing low-Hf or high-Hf zircon and corundum. Any carbonatitic melt fraction will reject HFSE (Zr, Hf) and preferentially incorporate LREE elements, which will result in an HFSE-HREE-enriched silicate melt. Foley et al. [114] performed partial melting experiments on peridotite with H 2 O and CO 2 in which early melts are carbonate-rich and progress to carbonated silicateelts with further melting. Hafnium along with Nb and Ta show limited compatibility with early carbonate-dominant melts but are enriched in carbonated silicate melts at higher degrees of partial melting. This suggests that low-Hf zircon may crystallize in a carbonate-dominant environment while high-Hf zircon and associated Nb-Ta oxide phases are products of a carbonated silicate melt that has undergone Al-saturation. Saturation of a peralkaline melt in zircon requires orders of magnitude higher Zr content than in peraluminous melts [22, 126] . Higher Zr contents in early peralkaline, carbonate-dominated melts may be responsible for the dominance of zircon over corundum in certain deposits such as in the RVP gem field.
The minor high-Hf zircon included in rare RVP corundum xenocrysts distinctly differs in morphology and geochemistry to the low-Hf mantle-derived zircon and suggests a separate, limited genesis. The high Hf-zircon resemble examples in Dak Nong, Vietnam sapphires that have crystal O isotope values and contain fluid inclusions suggestive of lower pressure crystallization from a hydrous CO 2 /CO 3 2− -saturated melt [7, 100] . As seen in the RVP zircon relationship, the Dak Nong corundum accompanies lower-Hf zircon xenocrysts, which were assigned to higher-pressure origin from melt enriched in but not saturated in CO 2 .
Conclusions
Xenocrystic zircon from Cenozoic alkali basalts of the Ratanakiri Volcanic Province represent a unique suite within the larger zircon megacryst Indo-Pacific zone (ZIP). Crystal morphology, compositional zoning, and trace element geochemistry indicate single-stage growth within a primary, mantle-derived alkaline melt at temperatures between 601 and 739 • C. The RVP zircon have lower δ 18 O isotope compositions than observed in xenocrysts from other ZIP suites and a moderate range of Hf isotopic compositions, which suggest crystallization from a juvenile, alkaline lithospheric mantle magma source with limited supracrustal contamination. The xenocrysts have been dated by U-Pb (0.88-1.56 Ma) and (U-Th)/He (0.86-1.02 Ma) methods and give ages that are similar to those obtained for zircon xenocrysts from other alkali basalt provinces in SE Asia. The RVP zircon predate some of the alkali basalts (~0.7 Ma), which indicates very short mantle residence times before entrainment in the erupting magma and an earlier beginning of basaltic volcanism. The SCLM underneath the RVP is a complex region consisting of remnants of multiple rift-arc-related and back-arc-related collisional margins including the Song Ma suture zone and back margins of the Himalayan collision zone. The overriding conclusion is of crystallization from a metasomatized "carbonatitic"-influenced melt from very low partial melting of a peridotite SCLM source at about 60 km beneath the Indochina terrain.
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